A series of osmium polypyridyl complexes having various ground-state reduction potentials has been synthesized and used to sensitize nanoporous titanium dioxide electrodes to solar illumination. The spectral response and current vs potential properties of electrodes modified with these dyes have been compared with the behavior of their ruthenium analogues. The trends can be explained by the differences in absorption spectra and ground-state redox potentials. The osmium complexes appear to be promising candidates for further optimization in operating photoelectrochemical cells for solar energy conversion applications. Of the materials studied, all complexes having ground-state redox potentials in methanol more positive than ∼0.4 V vs aqueous SCE were able to sustain oxidation of I -/I 3 -with a high steady-state quantum yield. For electrodes with very low dye coverages, the open-circuit voltage was mainly determined by the rate of reduction of I 2 , whereas for high dye coverages, the open-circuit voltage depended on the nature of the complex and on the dye loading level.
I. Introduction
One approach to the useful conversion of sunlight into electrical energy employs wide band gap semiconductors. These compounds tend to be more stable to oxidation by air and water than small band gap semiconductors such as Si, InP, and GaAs. 1 However, photoelectrodes made from wide band gap materials must be sensitized with dyes or with high concentrations of dopants in order to extend their wavelength responses into the visible region of the solar spectrum. In a particularly exciting development, Grätzel and co-workers have developed efficient photoelectrochemical cells through the use of sensitizers based on transition metal complexes deposited on nanocrystalline titanium dioxide electrodes. [2] [3] [4] The highest efficiency reported to date for such systems has been obtained using nanocrystalline TiO 2 coated with [Ru(II)-(4,4′-(CO 2 H) 2 -2,2′-bipyridine) 2 (NCS) 2 ] (abbreviated herein as (Ru(H 2 L′) 2 (NCS) 2 ), where L′ is 4,4′-dicarboxylato-2,2′-bipyridine), for which overall solar-to-electrical energy conversion efficiencies of up to 10% have been reported. 4 The approximate energetics for this system are depicted in Scheme 1. Notably, the (Ru(H 2 L′) 2 (NCS) 2 ) complex requires excitation by 2.5 eV photons before significant light absorption takes place. In addition, the redox potential of (Ru(H 2 L′) 2 (NCS) 2 ) +/0 is ∼ 0.5 V more positive than the redox potential of the I -/I 3 -system that is used to carry the faradaic charge in the electrolyte. Consequently, changes in the sensitizer that extend its light absorption to lower energies while maintaining the excited-state redox potential at the same energy level relative to the TiO 2 can yield improved efficiencies, provided that such changes do not produce concomitant decreases in the open-circuit voltage and/ or the fill factor of the resulting photoelectrochemical device. This strategy has been explored by a few researchers, with limited success to date. 3, [5] [6] [7] [8] [9] [10] In this work, we explore the approach of replacing ruthenium with osmium in the transition metal complexes that are used to sensitize nanocrystalline TiO 2 . The osmium complexes are expected to have an additional absorption band at longer wavelengths compared to a ruthenium complex having the same ligands, because direct excitation to the triplet state in Os(II) (bipyridyl) x L y systems is not as forbidden as in the Ru(II) (bipyridyl) x L y systems. 11 Higher photocurrents are therefore expected for TiO 2 electrodes coated with the osmium complexes, provided that the excited state in the Os complex effectively injects electrons into the TiO 2 support.
The Os complexes have other potential advantages relative to their Ru analogues. Although the excited-state lifetimes for Os complexes are typically shorter than those for the analogous Ru complexes, the Os(II) excited state should be as effective as the Ru(II) species in sensitizing TiO 2 because electron injection into nanocrystalline TiO 2 is thought to occur on a subpicosecond time scale. [12] [13] [14] [15] [16] Perhaps more importantly, the ground-state potential of the Os complexes can be readily tuned to less positive potentials by using stronger donor ligands. 17 By using a sensitizer with a less positive ground state redox potential and a constant excited-state redox potential, less energy will be wasted in the reduction of Os(III) to Os(II) by I 3 -/I -, possibly yielding even further improvements in the efficiency of the overall system. However, it is not clear whether the ground states of the Os(III) dyes will have sufficient driving force to oxidize I 3 -/I -at a rate rapid enough to support the required current density between the electrodes in the cell under typical solar illumination conditions. We have therefore performed electrochemical experiments to determine both the ground and excitedstate redox potentials of the Os and Ru complexes in order to probe the device performance as a function of the position of these energetic parameters.
Finally, if the dominant back reaction in all cases is reduction of I 2 , as has been proposed to be the rate-determining process in the specific case of Ru(H 2 L′) 2 (NCS) 2 as the sensitizer for nanocrystalline TiO 2 electrodes, 4 one would expect that the photovoltage would remain relatively constant at a constant carrier injection level, regardless of which dye is used to generate the injected electrons into the TiO 2 support. Use of a series of dyes (Chart 1) has allowed us to probe the generality of this hypothesis in order to better understand the factors that control the photovoltage of dye-sensitized nanocrystalline TiO 2 / CH 3 CN contacts.
II. Experimental Section
A. Materials. (NH 4 ) 2 [OsCl 6 ] (Alfa, 99.99%), 2,2′-bipyridine-4,4′-dicarboxylic acid (Alfa), 2,2′-bipyridine (Aldrich, 99%+), HPF 6 (Aldrich), NaCN (EM Science), NaSCN (Alfa), Na 2 S 2 O 4 (Alfa), KS 13 C 15 N (Isotech), K 15 NO 3 (Isotech), CF 3 SO 3 H (Aldrich), D 2 O with 1% w/w 3-(trimethylsilyl)-1-propanesulfonic acid, sodium salt (DSS) (Aldrich), d 6 -DMSO (CIL), ethylene glycol (EM Science), Sephadex LH-20 (Fluka), and Sephadex DEAE A-25 (Aldrich) were used without further purification. Lithium iodide (Alfa, 99%, anhydrous) was used as received but was stored in a drybox until use. Iodine (Aldrich, 99.99%+) was sublimed under vacuum before use. Pyridinium triflate was purified by dissolving the material obtained from the vendor (97%, Aldrich) into a minimum amount of warm acetonitrile, and the salt was then precipitated by addition of diethyl ether. The precipitate was filtered through a medium-porosity glass frit and was washed with ether and then dried overnight under vacuum. Pyridine (J. T. Baker) was distilled before use. Anhydrous lithium perchlorate (J. T. Baker) was dried at 180°C for 48 h under active vacuum. All solvents used were reagent grade (EM Science) except for absolute ethanol, which was purchased from Quantum Chemicals. Acetonitrile was predried over CaH 2 and distilled over P 2 O 5 . 17.8 MΩ cm resistivity water was obtained from a Barnstead Inc. NANOpure filtration system. 2 Cl 2 ]:cis-Bis(2,2′-bipyridyl)dichloroosmium(II). OsL 2 Cl 2 (L ) 2,2′-bipyridyl) was synthesized following the procedure of Kober et al. 18 [OsCl 6 ]-(NH 4 ) 2 (0.384 g, 8.7 × 10 -4 mol) and 2,2′-bipyridine (0.277 g, 1.77 × 10 -3 mol) were first dissolved in 20 mL of ethylene glycol in a 100 mL round-bottom Schlenk flask. The mixture was then heated to 170°C for 2 h with stirring, under nitrogen. After this time, sodium dithionite (0.4 g, 2.2 × 10 -3 moles) was dissolved in 20 mL of water and added dropwise to the cooled mixture while stirring, to convert excess Os(III) to Os(II 2 (L′ ) 4,4′-dicarboxylato-2,2′-bipyridine) was prepared as follows: NaHCO 3 (0.222 g, 2.65 × 10 -3 mol) and 2,2′-bipyridine-4,4′-dicarboxylic acid (0.213 g, 8.72 × 10 -4 mol) were dissolved in 15 mL of water. This mixture was added to 0.427 g (7.4 × 10 -4 mol) of OsL 2 Cl 2 dissolved in 15 mL of ethanol, and the solution was refluxed with stirring for 6 h under nitrogen. NH 4 PF 6 (0.3 g, 1.8 × 10 -3 moles) was dissolved in 5 mL of water and was then added to the cooled reaction mixture. The ethanol was evaporated using a rotary evaporator and 10 drops of 0.25 M HPF 6 were added to precipitate [OsL 2 (H 2 L′)](PF 6 ) 2 . The resulting mixture was left in the refrigerator overnight. The black precipitate was filtered, washed with pH 1.5 water (acidified with HPF 6 ) and with ether, and dried overnight under vacuum. A parent ion was observed at 748 amu in the fast atom bombardment mass spectrum (FAB/MS) (mass expected for [OsL 2 (H 2 L′)](PF 6 ) + is 748 amu), and another peak, ascribed to [OsL 2 (H 2 L′)](PF 6 ) 2 + , was observed at 893 amu. The product was dissolved in a minimum amount of 0.1 M NaHCO 3 (aq) and loaded onto a chromatography column (2.5 cm diameter) that had been packed with approximately 30 cm of anionexchange resin (Sephadex DEAE A-25 in water). The eluent was pure water, and the first band (green) was discarded. The second band (brown, major band) was collected and the volume reduced to 5-10 mL by rotary evaporation. The product was precipitated upon addition of 1.0 M HPF 6 (aq), filtered with a fine-porosity glass frit and washed with 0.1 M HPF 6 , and a few drops of 1.0 M NaOH (aq) were mixed in 25 mL of ethylene glycol and heated to 190°C for 2 h with stirring under nitrogen. The mixture was transferred to a large beaker and 125 mL of water was added. 0.25 M HPF 6 (aq) was added dropwise until the pH was 1.5 to 2 and a large excess of KPF 6 (1 g, 5 × 10 -3 mol) was then added in order to precipitate the product. The dark green precipitate was filtered with a fine-porosity glass frit and washed with 0.1 M HPF 6 78 × 10 -4 mol) were heated at 170°C for 2 h in 30 mL of ethylene glycol under nitrogen. The mixture was then transferred into a large beaker and diluted with 150 mL of water. Na 2 S 2 O 4 (0.1 g, 6 × 10 -4 mol) was added to reduce any Os(III) to Os(II). The dark purple precipitate was isolated by centrifugation. Purification consisted of dissolving the product in water with a minimum amount of NaOH (aq), precipitating the solid with 2 M HCl (aq), and isolating the precipitate by centrifugation. The product was dissolved in acetone and filtered to remove unreacted ligand (H 2 L′) (which is insoluble in acetone). Approximately 20 mL of pH 2 water (acidified with HCl) were added to the solution and the product was precipitated by evaporation of the acetone under vacuum. The precipitate was isolated by centrifugation, washed twice with pH 2 water (acidified with HCl), and then dried overnight under vacuum. The yield was 55%. This complex is readily oxidized in air and was therefore kept under an inert atmosphere. A FAB/MS parent ion peak was observed at 749 amu (expected at 750 amu for [Os(H 2 L′) 2 Cl 2 ] + ) presumably reflecting the loss of one proton from the fully protonated complex.
Syntheses of the Complexes. cis-[OsL
cis-Os(H 2 L′) 2 (CN) 2 :cis-Dicyanobis(4,4′-dicarboxy-2,2′-bipyridine)osmium(II). This synthesis is adapted from the procedure reported by Heimer and al. 5 Os(H 2 L′) 2 Cl 2 (0.084 g, 1.1 × 10 -4 mol) was dissolved with KCN (0.27 g, 4.1 × 10 -3 mol) in 7 mL of water and the solution was refluxed for 12 h with stirring under a nitrogen atmosphere. The cooled reaction mixture was poured into 100 mL of N,N′-dimethylformamide, DMF, to precipitate K 4 [OsL′ 2 (CN) 2 ]. The brown precipitate was isolated by filtration, washed with DMF and acetone, and dried under vacuum overnight. The crude product was dissolved in water and purified by column chromatography using Sephadex DEAE A-25 as the column support and 0.5 M KNO 3 (aq) as the eluent. The major band (green-brown) was collected. The mixture was evaporated to about 100 mL and filtered to remove excess KNO 3 . The filtrate was further evaporated to 20 mL and filtered to remove additional KNO 3 2 Cl 2 (0.16 g, 2 × 10 -4 mol), NaSCN (0.8 g, 1 × 10 -2 mol), and 1 mL of 1.0 M NaOH (aq) were mixed with 15 mL of water and refluxed for 5 h under nitrogen. HCl (aq) (1.0 M, 2.5 mL) was then added to precipitate the product. The mixture was left overnight in the refrigerator. The product was filtered and washed with 0.1 M HCl (aq). The product was dissolved in a minimum amount of methanol and purified by column chromatography using Sephadex LH-20 as the column support and methanol as the eluent. The first band (brown-green) was likely due to Os(H 2 L′) 3 2+ and was discarded. Other, orange-colored, bands that eluted quickly were also discarded. The main band, which was dark purple and eluted very slowly, eventually becoming very wide, was collected. The methanol was evaporated from the collected fraction using a rotary evaporator, and the final product was dried overnight under vacuum. Elemental analysis for C 26 20 The solution was then stirred for 2 h at 150°C under argon, and the ethylene glycol removed by distillation under vacuum at 80°C. The product was then dissolved in ∼100 mL of methanol and 20 drops of 1 M HCl (aq) were added. The mixture was filtered to remove unreacted ligands and the methanol was evaporated from the filtrate using a rotary evaporator. The product was then redissolved in ∼1 mL of 1 M NaOH (aq) and precipitated by addition of 1 mL of 1 M HCl (aq). The final product was cooled in an ice bath for a few hours, filtered, washed with 100 mL of 0.1 M HCl (aq) followed by 30 2 Cl 2 (0.1 g, 1.7 × 10 -4 mol) and NaSCN (0.35 g, 4.3 × 10 -3 mol) were dissolved in 5 mL of water and 1 mL of 1.0 M NaOH (aq). The mixture was stirred at reflux under nitrogen for 22 h. After cooling the mixture, ∼2 mL of 1.0 M HCl (aq) was slowly added to precipitate the product. The mixture was then left overnight in an ice bath. The product was isolated by vacuum filtration, washed with 0.1 M HCl (aq) and with ether, and dried overnight under vacuum. The dried product contained an impurity, likely Ru(H 2 L′) 3 , as seen by emission spectroscopy. This product was therefore further purified by column chromatography using LH-20 as the column support and methanol as the eluent. The first band (orange) was attributed to Ru(H 2 L′) 3 2+ and was discarded. The second band (dark red-purple) was collected. The methanol was evaporated using a rotary evaporator and the product dried overnight under vacuum. Because the Ru(H 2 L′) 3 +2 and Ru(H 2 L′) 2 (NCS) 2 bands eluting from the column overlapped slightly, the purification by column chromatography was repeated a second time. After the second purification, the emission spectrum showed no evidence of Ru(H 2 L′) 3 2+ in the product. Elemental analysis for C 26 48 × 10 -3 mol) in 12 mL of water with stirring under an argon atmosphere. After 3 h, 20 mL of methanol and a solution of 2,2′-bipyridine-4,4′-dicarboxylic acid (0.365 g, 1.495 × 10 -3 moles) in 5 mL of water and 5 mL of 1.0 M KOH (aq) were added to the reaction mixture and heated for an additional 8 h. After cooling, the methanol was removed in vacuo and Ru(H 2 L′) 2 (ox) was precipitated upon addition of 0.27 M CF 3 SO 3 H (aq). The precipitate was isolated by centrifugation. The precipitate was dissolved in a minimum amount of 1.0 M KOH (aq), the solid was precipitated with CF 3 SO 3 H (aq), and the product was isolated by centrifugation. This process was repeated 2-3 times to remove some impurities. The product was then dried under vacuum overnight. To make Ru(H 2 L′) 2 -( 15 N 13 CS) 2, Ru(H 2 L′) 2 2 Cl 2 (0.13 g, 2.3 × 10 -4 mol) and NaCN (0.25 g, 5.1 × 10 -3 mol) were added to 10 mL of water and the mixture refluxed under nitrogen for 5 h. With caution, 1.0 M HCl (aq) was then added to the cooled mixture to precipitate the product. The dark solid was isolated by centrifugation, washed with 1.0 M HCl (aq), and dried overnight under vacuum. The product was then dissolved in 3 mL of methanol and purified by column chromatography using Sephadex LH-20 as the column support and methanol as the eluent. The first band (orange) was attributed to Ru(H 2 L′) 3 2+ and was therefore discarded. The second band (dark brown) was collected, the methanol was evaporated using a rotary evaporator, and the product dried. The solid was then dissolved in 1.5 mL of 0.1 M NaHCO 3 /Na 2 CO 3 (aq) buffer, and addition of 500 µL of 1.0 M HCl (aq) precipitated the product. Water (1.5 mL) and a drop of concentrated HCl were added to the mixture and the solution left overnight in the refrigerator to complete the precipitation. The product was filtered with a fine-porosity glass frit, washed with 0.1 M HCl (aq), and dried overnight under vacuum. Elemental analysis for C 26 2 was prepared by the procedure of Sprintschnik et al. 21 2,2′-bipyridine-4,4′-dicarboxylic acid (0.153 g, 6.26 × 10 -4 mol), RuL 2 Cl 2 ‚2H 2 O (0.26 g, 5.0 × 10 -4 mol), and NaHCO 3 (0.15 g, 1.8 × 10 -3 mol) were dissolved in 5 mL of methanol and 7.5 mL of H 2 O. The reaction was stirred at reflux for 2.5 h under nitrogen. The final reaction mixture was orange-red. After cooling to room temperature, 2 mL of 1.0 M HPF 6 (aq) were added to precipitate the product, which was isolated by filtration, washed with 0.1 M HPF 6 (aq) and ether, and dried under vacuum overnight. [RuL 2 (H 2 L′)](PF 6 ) 2 was further purified by column chromatography using Sephadex DEAE A-25 as the column support and water as the eluent. The major band was collected and the eluent evaporated to a few mL using a rotary evaporator. HPF 6 87 × 10 -4 mol) was combined with H 2 L′ (0.0795 g, 3.26 × 10 -4 mol), ca. 0.5 mL of triethylamine, 25 mL of water, and 25 mL of ethanol. The mixture was heated at reflux for 3.5 h and then cooled to room temperature. The ethanol was removed by rotary evaporation, and ∼ 0.5 g of NH 4 PF 6 added to the solution. The mixture was then cooled to 5°C. Precipitation of the crude product was induced by dropwise addition of 3 M HCl (aq) while stirring in an ice bath. The solid was collected on a fine-porosity glass frit and rinsed with acetone followed by diethyl ether. The crude product was then redissolved in 0.01 M NaHCO 3 (aq) and loaded onto an anion-exchange resin column (2.5 cm × 25 cm of Sephadex DEAE-A-25). Some impurities were eluted first using 0.2 M KI (aq) and discarded. The product was eluted using 0.4 M KI (aq), and the eluent was taken to dryness by rotary evaporation. The KI was removed by extraction with ethanol until some of the product dissolved in ethanol. The remaining KI was extracted with acetone, and the product isolated by filtration. Elemental analysis for C 36 15 N reference at 0.0 ppm and d 6 -DMSO used for the 13 C reference at 39.51 ppm).
Mass spectra were obtained with a ProSpecE FAB + mass spectrometer in low resolution mode or with an LCQ Electrospray mass spectrometer equipped with a quadrupole detector. Elemental analyses were performed by the Analytical Service at Caltech. Infrared spectra of KBr pellets of the sample were recorded on a Perkin-Elmer 1600 Series FTIR, normally with 2 cm -1 resolution. Electronic absorption spectra were recorded on a Hewlett-Packard 8452A diode array spectrophotometer. To obtain reproducible spectra, the solvent was buffered with 1.0 mM pyridine and 1.0 mM pyridinium triflate. The chloride salts of Os(H 2 L′) 3 2+ , RuL 2 (H 2 L′) 2+ and OsL 2 (H 2 L′) 2+ were used because they are more soluble in methanol and ethanol. Emission spectra were recorded at room temperature using a PMT R406 (Products for Research, Inc.) photomultiplier tube cooled with dry ice. The solvent was methanol with 1.0 mM pyridine and 1.0 mM pyridinium triflate. The emission of Os-(H 2 L′) 2 (NCS) 2 was so weak that it could not be detected at room temperature. Instead, the emission spectrum of this complex was obtained by Prof. A. Maverick at Louisiana State University in an ethanol/methanol (4:1 v/v) glass at 77 K.
Ground state reduction potentials were determined using a standard three-electrode apparatus. The working electrode was a carbon disk electrode, the counter electrode was a Pt foil, and the reference electrode was a methanolic saturated calomel electrode (MSCE). The MSCE was periodically calibrated against an aqueous SCE (Fisher Scientific). Cyclic voltammograms were collected using either a Princeton Applied Research model 175 universal programmer and a Princeton Applied Research model 173 potentiostat/galvanostat or a BAS 100B electrochemical analyzer from Bioanalytical Systems. Differential pulse voltammetry (DPV) spectra were collected using a BAS 100B electrochemical analyzer. Methanol was used as the solvent because it was the only nonaqueous solvent into which 1 mM of most of the complexes could be dissolved. Except where noted, the supporting electrolyte was 1.00 M LiClO 4 , and 10 mM pyridine and 10 mM pyridinium triflate were added to control the proton activity of the solution. For experiments with Os(H 2 L′) 3 2+ and Ru(H 2 L′) 3 2+ , pyridine was omitted because its presence caused precipitation of the dye even at dye concentrations as low as 0.1 mM. Such a low concentration of the dye, coupled with the fact that the cyclic voltamogram occurred at very positive potentials where methanol is also oxidized, rendered the accurate determination of the oxidative electrochemical potential of Ru(H 2 L′) 3 2+ by cyclic voltammetry very difficult. The formal potentials of these complexes were therefore measured using DPV. In the case of Ru(H 2 L′) 2 (NCS) 2 , the cyclic voltammogram was irreversible in methanol. The electrochemical potential was therefore also measured using DPV. The redox behavior of Ru(H 2 L′) 2 (NCS) 2 was more reversible in CH 3 CN-1.00 M LiClO 4 , and its cyclic voltammogram was obtained in this electrolyte. The pyridine/ pyridinium triflate buffer was omitted in CH 3 CN because it caused precipitation of the complex.
2. Preparation of Dye-coated Nanocrystalline TiO 2 Electrodes. The TiO 2 electrodes (Institut für Angewandte Photovoltaik) consisted of conducting glass (3 mm thick) coated with a transparent 5-6 µm thick layer of TiO 2 (measured by profilometry, Dektak 3030). The as-received electrodes were first treated by depositing a freshly made solution of 0.2 M TiCl 4 (aq) (from a 2.0 M TiCl 4 stock solution) overnight onto the TiO 2 . The electrodes were then rinsed with water, rinsed with ethanol, dried with flowing nitrogen, and heated to 450°C in air for 30 min. Once the electrodes were cooled to about 120°C , they were immersed in an ethanolic solution containing 5 × 10 -5 M to 1 × 10 -4 M of the desired dye as well as 1.0 mM pyridine and 1.0 mM pyridinium triflate. Immersion was performed overnight to obtain high loadings, but was limited to only 15 min for experiments at low dye loadings. The absorbances of the ethanolic solutions containing a dye in a 1.0 cm path length were typically 0.7-1.3 at the maximum of the metal-to-ligand charge-transfer band of the complex. The ML 2 (H 2 L′) 2+ complexes were isolated as the chloride salt and the PF 6 -salt; in this work, the PF 6 -salts of these complexes were used for adsorption onto TiO 2 because they yielded better open-circuit voltage values than the corresponding chloride salts. In the case of M(II)L′ 3 4-complexes, the potassium salts were utilized. In these potassium salts, the carboxylic groups are deprotonated and more pyridinium triflate was necessary to dissolve the dye in ethanol: the ethanolic solution contained 2.0 mM pyridinium triflate and 1.0 mM pyridine. The sources of the other complexes used for adsorption onto TiO 2 were the final purified materials described in the Experimental Section above. The UV-vis spectra of the electrodes were obtained prior to the photoelectrochemistry. The blank was a TiO 2 electrode that had been treated nominally identically to the other electrodes but that was immersed instead into an ethanolic solution that contained no dye.
3. Photoelectrochemistry. The current density-potential (J-E) curves and spectral response data were both recorded using a three-electrode potentiostatic setup with a Pt wire reference and Pt gauze counter electrode. 23 The distance between the working and counter electrodes was approximately 2 mm, and the solution was not stirred. The working electrode was illuminated through the conducting glass and the illuminated surface area was 0.25 cm 2 . The cell was filled with electrolyte by using a syringe. The electrolyte consisted of 0.500 M LiI-0.040 M I 2 /0.050 M pyridine-0.020 M pyridinium triflate in dry CH 3 CN. Pyridine/pyridinium triflate were added to control the acidity of the electrolyte solution, thus stabilizing the 23 This particular buffer was chosen because the reagents are soluble in acetonitrile, and because the aqueous pK a of pyridinium is 5.21 in water, which is near the point of zero charge for TiO 2 in aqueous solutions. [24] [25] [26] The electrolyte could be changed by refilling the cell with the new electrolyte without disassembling the cell. Refilling the cell by pushing through about 3 times the volume of the cell was found to be sufficient to replace the old electrolyte. This feature was utilized for the [LiI] study where electrolytes with different concentrations of LiI, I 2 , and LiClO 4 were tested on the same electrode.
The presence of water was found to cause deterioration of the electrodes, so care was taken to reduce water levels as much as conveniently possible. 23 The electrolyte was kept in a dry Schlenk tube under nitrogen, and all cells were purged with nitrogen and then filled with the electrolyte. The cells were cleaned with absolute ethanol between measurements. These precautions led to greatly improved reproducibility. Once the electrodes were removed from the cell, they were observed to be visibly degraded outside the area that had been exposed to the electrolyte. For this reason, fresh electrodes were used in all experiments.
V oc values between the Pt reference and working electrodes were recorded after 5 min of equilibration at open-circuit under the desired light intensity, or once the V oc had reached a stable value. This equilibration time was especially necessary immediately after current had passed through the cell. The V oc measured using this procedure was consistently larger by about 20 mV than the V oc deduced from the x-intercept of a J-E scan, regardless of whether the scan rate was 20 mV s -1 or 0.5 mV s -1 . The V oc values reported herein were reproducible and did not change significantly over the course of several hours.
J-E data were collected using a Solartron SI 1287 Electrochemical Interface that was controlled with Coreware v. 2.1a software. The scan rate was 20 mV s -1 . All potentials were recorded vs a Pt wire that was immersed into the solution. The cell potential for the electrolyte (0.500 M LiI-0.040 M I 2 /0.050 M pyridine-0.020 M pyridinium triflate in dry CH 3 CN) was +0.08 V vs aq SCE. The cell was illuminated by an ELH-type W-halogen bulb and light intensities were determined using a calibrated silicon photodiode (Solarex). A 385 nm cutoff filter was used during measurements (but not during the calibration with the photodiode) to avoid direct excitation of electronhole pairs in the titanium dioxide. Prior to obtaining J-E data, the cell was maintained at short-circuit under illumination for 30 s because initial J-E scans showed higher currents, which dropped down rapidly and then leveled off to a constant, reproducible value, which was the one reported herein. The J-E properties of these junctions remained stable for several hours. When the pyridine/pyridinium triflate was not added to the electrolyte solution, however, the photocurrent was unstable and continually declined on every J-E scan from the short circuit potential to the open circuit potential.
Where indicated, J-E data were corrected for ohmic resistance and concentration overpotentials in the solution, using procedures that have been described in detail previously. 27, 28 A platinum foil working electrode, placed in a nominally identical position as the various TiO 2 electrodes, was used to obtain the J-E data needed to perform these corrections. The ohmic resistance of the cell was determined to be 56 ohm. The contribution of η conc was, in many cases, estimated to be negligible due to the relatively low currents that flowed in the cell relative to the mass-transfer-limited currents that were available in the system. Spectral response data were obtained by biasing the cell to short circuit and measuring the current with a Keithley 177 microvolt DMM multimeter. Monochromatic light was obtained from a Spex 1682A tungsten lamp mated to a Spex 1681B monochromator equipped with 2.5 mm slits. The monochromator output beam was split with a glass slide into sample and reference beams. The system calibration was performed by placing a calibrated Si photodiode (obtained from United Detector Technology, Inc.) in the same position as the TiO 2 working electrode and measuring the photocurrent at short circuit from each system. The calibrated diode had a mask with the same surface area as the TiO 2 working electrode, and the ratio of the response of the TiO 2 cell to that of the calibration diode gave the quantum yield for the TiO 2 cell. Any variation in the light intensity between measurements was accounted for by dividing the current obtained from the sample or calibration device by the current produced by the reference beam, which was directed onto a separate, second silicon photodiode (also obtained from United Detector Technology, Inc.). The quantum yields were therefore computed using the following equation:
where Φ smp and Φ cal are the quantum yields for the sample and the calibrated photodiode, respectively, I smp and I cal are the photocurrents obtained at the sample and at the calibrated diode, respectively, and I ref is the photocurrent of the reference diode. The external quantum yields obtained using this measurement procedure were not corrected for optical scattering or reflection losses nor for incomplete absorption by the dye at certain wavelengths.
For the TiO 2 electrodes, the dark current was not negligible compared to the light current at the low light levels used in the spectral response experiments, and the dark current value also tended to drift slightly over time. The dark current was therefore measured periodically and the photocurrent was obtained by subtracting the dark current from the measured total current. At very low light intensity, i.e., at photocurrents less than approximately 2 µA cm -2 , the quantum yield was found to be dependent on the light intensity, so data reported herein always refer to measurements performed at current densities that are higher than this value. 2 4-reported here agree with those previously reported. 29, 31 The 1 H NMR spectra of RuL′ 2 (NCS) 2 4-and OsL′ 2 (NCS) 2 4-also showed a series of much smaller signals that we ascribe to the mixed-bound ML′ 2 (NCS)(SCN) 4- complexes. Most of those signals overlapped with the more intense signals arising from the all-nitrogen bound complex, except for the most downfield doublet. This doublet is associated with hydrogen (a) of one of the L′ ligands, and appeared at 9.64 ppm for RuL′ 2 (NCS) 2 4-and 9.54 ppm for OsL′ 2 (NCS) 2 . 4-The ratio of the major product to the mixedbound product was about 7:1. This ratio could not be increased upon increasing the reaction time. The presence of the mixedbound complex of ruthenium was also observed by Grätzel and co-workers. 31 The 1 H NMR spectra for the ML 2 L′ complexes illustrate that these complexes possess C 2 symmetry, having two equivalent 2,2-bipyridine ligands (L) each with eight inequivalent protons, and one 4,4′-dicarboxylato-2,2′-bipyridyl ligand (L′) possessing an axis of symmetry that produces three sets of two equivalent protons. Eleven inequivalent protons in each complex give rise to the resonances (with some overlapping of the signals). The aromatic region of the 1 H NMR spectra of ML′ 3 4-complexes showed a simple 1 15 N resonances "shifted by a comparatively large amount upfield of the free thiocyanate ion". 32, 33 The nitrogen chemical shifts of metal thiocyanato and isothiocyanato complexes reported in these two studies are compiled in Table 2 . In this tabulation, all chemical shifts have been either measured or calculated as referenced to the KNO 3 standard at 0.0 ppm. Additionally, we have chosen the convention of reporting signals that occur upfield of KNO 3 as having negative chemical shifts and those that occur downfield from KNO 3 as having positive chemical shifts. 15 N NMR data for doubly labelled complexes and for free doubly labelled thiocyanate obtained in this work are reported in Table 3 . In all spectra, one principal doublet was observed, representing a 15 N signal split by a single adjacent 13 2 4-are isothiocyanato complexes bound to the metal through nitrogen. In support of this assignment, the noncarboxylated analogue of Ru(H 2 L′) 2 (NCS) 2 , RuL 2 (NCS) 2 , which has been established by X-ray crystallography to have nitrogenbound thiocyanato ligands, 34 has a very similar chemical shift for the labeled 15 2 , Ru(4,4′-(COOEt) 2 -2,2′-bipyridine) 2 (NCS) 2 , shows that this analogue also has N-bound isothiocyanato ligands. 29 Previously, it was reported that the chemical shift in the 13 C NMR spectrum of metal thiocyanate complexes could be used as a diagnostic tool to determine the linkage isomerism of the NCS -ligand. 35 Kargol et al. analyzed a series of S-bound and N-bound thiocyanate compounds and observed upfield chemical shift differences ranging from 3-20 ppm relative to ionic thiocyanate for the 13 C shift of S-bound complexes and downfield chemical shift differences of 1-16 ppm for the 13 C signal of N-bound complexes. These data were generalized into the simple rule that S-bound thiocyanate shows chemical shifts upfield relative to the ionic thiocyanate and N-bound NCSshows downfield chemical shifts relative to the ionic thiocyanate. There were a few exceptions to this rule, however, in which the 13 C resonance of N-bound isothiocyanato ligands appeared a All NMR spectra were recorded in D2O with added NaOD. All chemical shifts were reported as referenced to DSS as an internal standard (0.00 ppm). na ) not assigned, s ) singlet, d ) doublet, dd ) doublet of doublets, vt ) virtual triplet, m ) multiplet, rel I ) relative integration.
III. Results

A. NMR Spectra of the Various
slightly (approximately 1 ppm) upfield of that reported for ionic thiocyanate in the same solvent.
The 13 C NMR data for our doubly labeled complexes are reported in Table 3 , along with the 13 C NMR data reported by Grätzel and co-workers on RuL′ 2 (N 13 CS) 2 4-and RuL′ 2 (N 13 CS)-(S 13 CN) 4-in both D 2 O/NaOD and in d 4 -methanol (presumably being the fully protonated species under these conditions) for comparison. In all but one case (for the sample of RuL′ 2 ( 15 N 13 CS) 2 4-) only one doublet was detected in each spectrum, which indicated that the syntheses produced only one product, to the detection limit of the NMR method. In the 13 C NMR spectrum of RuL′ 2 ( 15 N 13 CS) 2 4-however, another signal was observed at the 10% level, which likely arises from the presence of a mixed-bound ligand species that is similar to the species reported by Grätzel and co-workers. 31 The 13 C NMR signals of RuL′ 2 ( 15 N 13 CS) 2 4-and OsL′ 2 -( 15 N 13 CS) 2 4-measured in D 2 O/NaOD exhibit 13 C chemical shifts upfield of free thiocyanate ion by 0.9 and 6.5 ppm respectively (Table 3) . Applying the general rule discussed above would suggest that the thiocyanates are bound through the sulfur atom, which is inconsistent with all the other NMR data reported in this work. Grätzel and co-workers also observe the 13 C chemical shifts for RuL′ 2 (N 13 CS) 2 4-in both D 2 O/NaOD and d 4 -methanol to appear upfield of the free thiocyanate ion in the same solvent. 31 However, they also observed another lower intensity peak further upfield, so they assigned the principle product of the reaction between the cis-Ru(H 2 L′) 2 Cl 2 starting material and the thiocyanate ligand to produce an N-bound isothiocyanate species. Unless a resonance is observed further upfield that could be attributed to S-bound thiocyanate, we cannot unequivocally 4 -similar to those reported by Grätzel and co-workers. 31 The 13 C NMR spectra of the RuL 2 ( 15 N 13 CS) 2 and Ru(H 2 L′) 2 -( 15 N 13 CS) 2 complexes in d 6 -DMSO showed downfield 13 C shifts relative to ionic thiocyanate of 3.8 and 5.0 ppm respectively (Table 3) , indicative of linkage through the nitrogen. Both Ru-(H 2 L′) 2 (NCS) 2 and its non-carboxylated analogue showed similar 15 N and 13 C chemical shifts, confirming the above assignment that the linkage occurs through the nitrogen.
B. Absorption, Emission, and Electrochemical Properties of the Os and Ru Complexes. Figure 1 presents the electronic absorption and emission spectra of the Os and Ru complexes used in this work. The protonation states of the L′ ligands are not completely known in the presence of pyridine and pyridinium in these nonaqueous solvents, but for consistency in discussions of the spectral and electrochemical properties of these species, the complexes are referred to below using their fully protonated formulations. For a given ligand environment, the Os complexes all showed an additional absorption band at longer wavelengths than the Ru complexes. This lower energy band had a smaller extinction coefficient than that of the main metal-to-ligand charge transfer (MLCT) bands (Table 4 ). The red shift in the absorption of the Os complexes relative to the analogous Ru complexes is consistent with expectations of an enhanced oscillator strength for an electronic transition between the ground state and the triplet excited state of the Os Figure 1 . UV-vis absorption spectra (solid line, no circle) and emission spectra (circle) of the complexes in methanol containing 1.0 mM pyridine and 1.0 mM pyridinium triflate.
complexes. 11 In addition, this lowest MLCT band is red-shifted when the ligands are changed from L (or H 2 L′) to CN -to NCS -, consistent with an increase in electron density on the metal resulting in destabilization of the metal t 2g orbitals. As expected, the emission spectra for the Os complexes were also red-shifted relative to those of the Ru complexes having identical ligands. Table 4 also displays the ground state formal reduction potentials of these various complexes. All the osmium complexes displayed reversible cyclic voltammograms, whereas Ru-(H 2 L′) 2 (NCS) 2 displayed irreversible behavior in methanol. Consequently, the electrochemistry of the Ru complex was determined by DPV. Ru(H 2 L′) 2 (NCS) 2 displayed more reversible behavior in CH 3 CN, and its formal potential determined in CH 3 CN, E°′ ) 0.80 V vs SCE, is in good agreement with the reported value of E°′ ) 0.85 vs SCE. 4 The difference between our measurement and the reported value could be due to a difference in the dye protonation state during the measurements. The formal potential of these dyes was observed in our work to be pH-dependent, as would be expected of acidic redox species. 36 For instance, the formal potential of K 4 [RuL′ 3 ] was 1.25 V vs SCE in methanol with no pyridine or pyridinium present, but was 1.4 V vs SCE in the presence of 10 mM pyridinium. Also, the value of the formal potential of Os(H 2 L′) 2 -(NCS) 2 decreased upon addition of higher concentrations of pyridine. These results suggest that deprotonation lowers the value of E°′, which is consistent with the expectation that more electron-rich ligands will render the metal center easier to oxidize and therefore yield a more negative E°′ value.
As expected, the redox potentials of the Os complexes were more negative than those of the analogous ruthenium complexes. Also, within a series with the same metal, the trend for the ground-state redox potential E°′[M(III)/M(II)] was where M is Os or Ru. This trend correlates with the electron donating/π-accepting properties of the ligands around the metal center. Ligands with more electron donating properties (such as NCS -) will confer additional stability on the M(III) oxidation state relative to the M(II) oxidation state, which will produce a more negative ground-state M(III)/M(II) redox potential. Increasing the π-acceptor properties of the ligands, however, leads to stabilization of the metal t 2g symmetry d-orbitals, which therefore produces a more positive M(III)/M(II) formal potential if all other factors are held constant. The ground state redox potentials can therefore be readily fine-tuned by varying the metal and the ligands in this series of complexes.
The
excited-state redox potentials, E°′[M(III)/M(II)]*, were estimated using eq 2:
where E°′ is the formal reduction potential of the ground state, E°′* is the formal reduction potential of the excited state (for the half-reaction M(III) + e -f M(II)*), and E 0-0 is the minimum energy between the ground state and excited state. E 0-0 was estimated as the intersection between the absorption and emission spectra of the dye of concern (Figure 1 , Table 4 ). The E°′* values for the osmium complexes were similar to those for the corresponding ruthenium complexes. This is expected because the electron density in the MLCT excited state of these sytems is centered primarily on the bipyridyl ligands. The π* orbitals of the carboxylated bipyridyl ligand lie at lower energy than those of the noncarboxylated bipyridyl. As a result, the excited-state potential of the M(H 2 L′) 3 2+ complex is more positive than that of the ML 2 (H 2 L′) 2+ complex. The lower apparent E°′* values for the M(H 2 L′) 3 2+ complexes could also arise because their ground-state redox potentials were measured at a different pH than the other complexes; also the pK a values for the ligands in the excited state of the complex may be different than the pK a values for the ligands in the ground state of the complex. Further trends among the E°′* values are not considered to be significant due to the error associated with the determination of these excited-state potentials.
C. Spectral Response Characteristics of Os-and RuCoated TiO 2 Electrodes. Figure 2 displays the spectral response characteristics, collected under short-circuit conditions, of the various dye-coated TiO 2 electrode systems studied in this work. As expected, the spectral response of each dye-coated TiO 2 electrode shows a strong correlation with the absorption spectrum of the metal complex.
Sensitization with Ru(H 2 L′) 2 (CN) 2 produced very high maximum external quantum yields, with the analogous Os(H 2 L′) 2 - 2+ -coated electrodes had the spectral responses that were best matched for illumination by sunlight.
The maximum external quantum yield for a typical electrode containing each dye was corrected for the absorbance of the dye using eq 3:
where %T is the percent transmittance of the dye-coated electrode at the wavelength of maximum external quantum yield. The corrected quantum yields are reported in Table 5 . Note that the relatively low external quantum yield of RuL 2 (H 2 L′) 2+ is due to the incomplete absorption of the light by the dye-coated electrode at this loading level. When the external quantum yield is corrected for the incomplete absorption of the dye, the quantum yield is 0.9. The corrected quantum yields approached unity for all the dyes except Os(H 2 L′) 2 (NCS) 2 , which only displayed a value of Φ ) 0.12.
D. Current-Potential Behavior of Os-and Ru-Coated TiO 2 Electrodes. Figure 3 shows the J-E data, obtained both in the dark and under Air Mass (AM) 1.0 simulated illumination, for representative samples of the dye-coated TiO 2 electrodes that were studied in this work. The average short-circuit photocurrent density (J sc ) and open-circuit voltage (V oc ) values for each dye over a series of runs are reported in Table 6 . Table  6 also reports the fill factors for the series-resistance-corrected J-E curves for the representative samples shown in Figure 3 . Figure 4 shows the series-resistance-corrected J-E behavior for all of the dye-coated TiO 2 electrodes in the dark ( Figure  4b ) and at a light intensity sufficient to produce J sc ) 1 mA cm -2 ( Figure 4a ). The dark curves were different for the electrodes that had been coated with different metal complexes; similarly, at any specific potential in forward bias, the cathodic currents were different for each different electrode system. As a consequence, V oc was different for every type of dye-coated electrode even when nominally identical short-circuit photocurrent densities, and thus nominally identical injected carrier densities, were obtained ( Table 6) .
The results described above were obtained at high dye loading levels, for which the TiO 2 electrodes were immersed into dye solutions at least 24 h before use. When TiO 2 electrodes were left in the dye solution for only 15 min, the current-potential curves for each of these types of electrodes were very similar, and so were the V oc values at constant J sc ( Figure 5 , Table 7 ). This behavior is expected for a situation in which the dark current is determined primarily by reduction of I 2 by electrons in the TiO 2 , and when the rate of this process is not altered by the presence of adsorbed dye on the TiO 2 electrode surface. As expected, electrodes that had been immersed in the dye solution for only 15 min were much lighter in color than those immersed overnight in these dye solutions. Quantitative measurements of the absorbance of the electrodes (Table 7) confirmed this observation. Also reported in Table 7 are the photoelectrochemical properties obtained under ELH-type AM 1.0 illumination for the TiO 2 electrodes having low dye-loading levels. The short-circuit current densities displayed by these electrodes are still high, being 1.8-8 times lower than those observed for electrodes having a high dye loading level.
To Table 8 and Figure 6 ). To ascertain whether the effect was due to increases in [I -] or [Li + ], J-E data were also collected in 0.5 M LiI/0.5 M LiClO 4 /0.04 M I 2 (Figure 6a ), but J sc did not change significantly under these conditions relative to its value in the base electrolyte. The photocurrent for Os(H 2 L′) 2 (NCS) 2 -coated electrodes increased from 2.2 to 5.2 mA cm -2 upon increasing the iodide concentration 5-fold to a level of 2.5 M LiI/0.04 M I 2 , which was the maximum concentration that could be obtained in this solvent. The maximum external quantum yield also increased from 0.1 to 0.2 at this level of I -. The photocurrent and the maximum external quantum yield for the Ru(H 2 L′) 2 (NCS) 2 -coated TiO 2 electrodes did not increase significantly under similar conditions ( Figure 7 ).
IV. Discussion
A. Purification and Characterization of the Complexes.
Most of the syntheses were based on established methods, and the 1 H NMR spectra were readily assigned. We repeatedly observed during the course of this study that very pure dyes and control of proton activity during the adsorption process and the electrochemical measurements are apparently required to obtain good photoelectrochemical behavior from the sensitized electrodes. The best purification technique identified herein is anion exchange column chromatography, which not only separates complexes on the basis on their differing structures but also on the basis of their differing charges. Unfortunately, the M(H 2 L′) 2 (NCS) 2 complexes could not be purified by ionexchange column chromatography because these complexes sorbed strongly to the column support and did not elute even at very high electrolyte concentrations. These complexes were instead purified using size exclusion chromatography in methanol. Finally, the NCS -linkage isomers could not be separated. One must therefore keep in mind that the M(H 2 L′) 2 (NCS) 2 complexes might not be as pure as the other materials, and therefore may show lower open-circuit voltages and short-circuit currents than are possible for these systems.
The linkage isomerism of the NCS -complexes was assigned based on our 15 N and 13 C NMR study. The Ru(H 2 L′) 2 (NCS) 2 complex was assigned to contain predominantly nitrogen-bound isothiocyanato ligands. This assignment is in agreement with the prior literature for various ruthenium isothiocyanato complexes. 7, 29, 31, 34, 37, 38 We believe that Os(H 2 L′) 2 (NCS) 2 is predominantly an isothiocyanato complex based on the 15 N NMR data, as opposed to the more questionable interpretation of 13 C NMR data. Furthermore, these data indicate that 15 N NMR appears to be a more reliable spectroscopic tool than 13 C NMR spectroscopy for the assignment of linkage isomerism in metal complexes of the thiocyanate ligand.
B. Spectral Response Properties of Os-vs Ru-Coated TiO 2 Electrodes. An interesting question raised by the systems studied herein is whether the Os complexes, which have excitedstate redox potentials that are similar to those of the analogous Ru complexes, can also serve as efficient photosensitizers for TiO 2 in contact with the CH 3 CN-I 3 -/I -electrolyte. The spectral response data of Figure 2 and Table 5 indicate that the Os complexes are indeed effective for this application. The external quantum yields for Os(H 2 L′) 2 (CN) 2 -coated TiO 2 electrodes are in excess of 0.8 and thus compare favorably to those of the analogous Ru(H 2 L′) 2 (CN) 2 -coated TiO 2 system. In addition, TiO 2 electrodes coated with the Os complexes showed enhanced absorption to the red relative to electrodes coated with their Ru analogues. Even TiO 2 electrodes coated with the Os complex that exhibited with the most positive excited-state redox potential Os(H 2 L′) 3 2+ were found to exhibit significant quantum yields for photocurrent flow in the TiO 2 /CH 3 CN-I 3 -/I -electrolyte with 50 mM pyridine and 20 mM pyridinium triflate. The relatively small differences in maximum quantum yield between all of these systems were shown to be likely due to engineeringrelated issues such as differences in coverage of the TiO 2 by the complexes as opposed to fundamental issues involved in the injection of electrons into the TiO 2 by the excited states of the various complexes studied herein.
The only significant discrepancy in this trend was observed for the Os(H 2 L′) 2 (NCS) 2 complex. Although TiO 2 electrodes that had been coated with this complex showed enhanced external quantum yields in the red region of the spectrum relative to those coated with the analogous Ru complex, the maximum external quantum yield for Os(H 2 L′) 2 (NCS) 2 -coated TiO 2 was about a factor of 7 lower than that for Ru(H 2 L′) 2 (NCS) 2 -coated electrodes. The excited-state redox potential of this system is sufficiently negative that it is expected to inject electrons efficiently into the TiO 2 , in a fashion analogous to that of the other complexes studied herein. Also, as discussed earlier, the low quantum yield cannot be ascribed to a low absorbance of these dye-coated electrodes since as much as 95% of the incoming light is adsorbed at 520 nm.
The low steady-state maximum external quantum yield in this system can be readily explained by the fact that the Os(H 2 L′) 2 -(NCS) 2 +/0 system has the most negative M(III)/M(II) groundstate redox potential of all the systems studied. Thus, this system is expected to have the highest ratio of its rate of recombination with electrons in TiO 2 relative to the rate of regeneration of the adsorbed M(II) species from the reaction of the adsorbed M(III) complex with I 3 -/I -in the electrolyte. This high rate constant ratio allows the back reaction of electrons with Os(III) to compete with the regeneration of Os(II) through reaction with I -. Evidence to support this hypothesis has been obtained from studying the dependence of the spectral response on the concentration of I -. Although the other complexes showed essentially no dependence of their quantum yields on the Iconcentration, even at low light intensities, the observed photocurrent density for the Os(H 2 L′) 2 (NCS) 2 -coated TiO 2 b Fill factor for a representative resistance-corrected J-E curve c The predicted currents were standardized to the ELH bulb used using the average photocurrent for Ru(H2L′)2(NCS)2. 100 mW cm -2 is the power of the sun at AM 1.0. electrodes increased when the concentration of I -was increased from 0.5 to 1.0 M, keeping the redox potential of the electrolyte constant. This observation clearly implies that more rapid regeneration rates would allow the Os system to produce higher steady-state quantum yields than those obtained under the conditions used herein. This system is thus also expected to provide an efficient TiO 2 photosensitizer under optimized electrolyte/redox reagent conditions, although attaining such conditions will require either very high concentrations of I -in order to increase the regeneration rate sufficiently, catalysis of this reaction, inhibition of the back electron transfer from the TiO 2 to the oxidized Os(III) complex, or use of another redox couple with more rapid regeneration kinetics but otherwise similar properties. Finally, further purification of this dye may also improve its performance as a photosensitizer.
The quantum yields measured in the spectral response experiments were obtained at relatively low irradiance levels, and there is some concern that these values might not be representative of the quantum yields under solar illumination intensities. A plot of J sc vs light intensity for a Ru(H 2 L′) 2 (NCS) 2 -coated TiO 2 electrode was linear from J sc ) 0.020 mA cm -2 to J sc ) 10 mA cm -2 . Furthermore, if the spectral response is nearly independent of light intensity, the behavior of the dyecoated electrodes under solar or solar-simulated illumination can be predicted from the low-level quantum yield vs wavelength profile when convoluted with the spectral irradiance profile of the illumination source under the high light intensity conditions. The predicted J sc value under ELH-type illumination can be obtained by the ratio of the integrated spectral response of the dye-coated TiO 2 electrodes to that of a calibrated Si photodiode. As seen in Table 6 , the J sc values predicted using this procedure are in good agreement with observations. These results also suggest that at photocurrents higher than a small threshold value, the short-circuit photocurrents are not affected by the surface electron concentration. 
